Inadequate products, waste management, and policy are struggling to prevent plastic waste from infiltrating ecosystems [1, 2] . Disintegration into smaller pieces means that the abundance of micrometer-sized plastic (microplastic) in habitats has increased [3] and outnumbers larger debris [2, 4] . When ingested by animals, plastic provides a feasible pathway to transfer attached pollutants and additive chemicals into their tissues [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Despite positive correlations between concentrations of ingested plastic and pollutants in tissues of animals, few, if any, controlled experiments have examined whether ingested plastic transfers pollutants and additives to animals. We exposed lugworms (Arenicola marina) to sand with 5% microplastic that was presorbed with pollutants (nonylphenol and phenanthrene) and additive chemicals . Microplastic transferred pollutants and additive chemicals into gut tissues of lugworms, causing some biological effects, although clean sand transferred larger concentrations of pollutants into their tissues. Uptake of nonylphenol from PVC or sand reduced the ability of coelomocytes to remove pathogenic bacteria by >60%. Uptake of Triclosan from PVC diminished the ability of worms to engineer sediments and caused mortality, each by >55%, while PVC alone made worms >30% more susceptible to oxidative stress. As global microplastic contamination accelerates, our findings indicate that large concentrations of microplastic and additives can harm ecophysiological functions performed by organisms.
Inadequate products, waste management, and policy are struggling to prevent plastic waste from infiltrating ecosystems [1, 2] . Disintegration into smaller pieces means that the abundance of micrometer-sized plastic (microplastic) in habitats has increased [3] and outnumbers larger debris [2, 4] . When ingested by animals, plastic provides a feasible pathway to transfer attached pollutants and additive chemicals into their tissues [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Despite positive correlations between concentrations of ingested plastic and pollutants in tissues of animals, few, if any, controlled experiments have examined whether ingested plastic transfers pollutants and additives to animals. We exposed lugworms (Arenicola marina) to sand with 5% microplastic that was presorbed with pollutants (nonylphenol and phenanthrene) and additive chemicals (Triclosan and PBDE-47). Microplastic transferred pollutants and additive chemicals into gut tissues of lugworms, causing some biological effects, although clean sand transferred larger concentrations of pollutants into their tissues. Uptake of nonylphenol from PVC or sand reduced the ability of coelomocytes to remove pathogenic bacteria by >60%. Uptake of Triclosan from PVC diminished the ability of worms to engineer sediments and caused mortality, each by >55%, while PVC alone made worms >30% more susceptible to oxidative stress. As global microplastic contamination accelerates, our findings indicate that large concentrations of microplastic and additives can harm ecophysiological functions performed by organisms.
Results
Here we unravel the hazards of microplastic as a multiple stressor to sedimentary organisms. Using single-concentration experiments (an approach endorsed by the EPA [16] ), we examined whether microplastic (polyvinyl chloride, PVC) sorbed and then released pollutants (nonylphenol and phenanthrene) and additives (Triclosan and PBDE-47) to tissues of lugworms and, if so, whether this altered the ability of lugworms to perform important ecophysiological functions.
Animals from sedimentary habitats are vulnerable because plastic can accumulate concentrations of pollutants a hundred times greater than those in sediments [9] , and there is 250% more microplastic in habitats that receive sewage [2] or are downwind [4] . Surprisingly, the relative importance of ingesting microplastic versus sediments as vectors for pollutants to the tissues of animals is poorly understood. In vitro experiments simulating the gut of lugworms indicate that pollutants that accumulate from seawater to microplastic would desorb, with greater transfer from microplastic in sediments in which natural organic carbon is scarce [9] . In contrast, theoretical studies for fish predict that eating microplastic would not increase burdens of pollutants because concentrations of pollutants will be at equilibrium with their environment [17] . Equilibrium scenarios are, however, problematic [18] because they assume pollutants and organisms are evenly distributed and discount the (1) kinetic effects of gastric surfactants, pH, and temperature on the desorption of pollutants from plastic and (2) transfer and storage of microplastics in tissues of animals. For the actual chemical and biological impacts of microplastic to be understood, experiments are required [9, 18, 19] . But experiments have not established whether microplastic transfers greater concentrations of pollutants to tissues than sediments or whether microplastic is capable of transferring large enough concentrations of pollutants and additives to impair functions of animals that sustain health and biodiversity.
Transfer of Chemicals from Microplastic and from Sand to the Tissues of Lugworms Plastics discarded into habitats accumulate pollutants, such as nonylphenol and phenanthrene [1, 8] (Table S1 available online) and could release these by desorption. For reproduction of conditions in habitats, pollutants were sorbed separately onto particles of PVC or sand ( Figures 1A and 1B) . PVC was chosen because it comprises >25% of microplastic in estuaries inhabited by lugworms [3] and because this plastic has a large density, making it more likely to be found in sediments. Total amounts of plastics and pollutants in treatments were large, but not without precedent in sedimentary habitats and experiments [19, 20] (Table S1 and the Supplemental Experimental Procedures). Here we show that nonylphenol and phenanthrene desorbed from PVC and transferred into tissues ( Figures 1C and 1D ). This provides the first conclusive evidence showing transfer from microplastic and supports predictions from modeling of desorption of phenanthrene that has been presorbed to polyethylene [9, 12, 13] . Despite particles of PVC containing 135% (nonylphenol) and 5,860% (phenanthrene) larger concentrations than those on sand ( Figures  1A and 1B ), worms exposed to sand (with smaller concentrations of pollutants) accumulated >250% more phenanthrene and nonylphenol in their tissues than when PVC transferred the pollutants. Each day, worms ingested 47%-74% of their mass in sediments and gastric concentrations of pollutants (ingestion) were >180% greater than those found in their body wall (sorption), irrespective of whether they ingested contaminated PVC or sand ( Figures 1C and 1D ). Do chemicals used as additives in plastic manufacture transfer from microplastics in a similar way to pollutants? To test this, we exposed worms to microplastic with the presorbed PBDE-47 (flame retardant) and Triclosan (antimicrobial) (Supplemental Experimental Procedures). These chemicals are thought to improve the safety of plastic articles, since they reduce the risks of fires and microbial growth, respectively. Quantities of additives added to plastic were realistic to proportions of PBDE-47 (5%-30%) and Triclosan (0%-5%) used by industry (Table S1 ). We did not use a sand-only treatment here as we were examining the potential for additives used in plastic manufacture to transfer from plastics rather than the role of particles of sand or plastic as vectors for pollutants. As with pollutants, additives transferred from microplastics into tissues, leading to consistent patterns of bioconcentration (Figure 2) . Again, the main route of uptake for chemicals into worms was sorption into the gut via ingestion. Relative to concentrations in experimental sediments, the body walls of worms accumulated up to 950% greater concentrations, and the gut up to 3,500% greater concentrations, of each additive ( Figures 2C and 2D ).
Biological Consequences of Microplastic Ingestion and Chemical Transfer to Lugworms
To determine whether microplastic is capable of transferring large enough concentrations of pollutants and additives to impair functions of worms that help maintain health and biodiversity, we used established bioassays for mortality, feeding, immune function, and oxidative status. Previous work showed that animals exposed to nonylphenol and phenanthrene feed/ burrow less [21] [22] [23] and are more susceptible to oxidative stress, pathogens, and mortality [24] [25] [26] [27] , while additives (e.g., Triclosan) can also be toxic [28] [29] [30] [31] .
Because lugworms structure faunal assemblages by removing phytoplankton and silt from sediments [32, 33] , we measured feeding and survival to determine whether ingestion of microplastic reduced this ability. Here we show that in some cases, exposure to PVC in clean sand with and without nonylphenol, phenanthrene, and Triclosan, disrupted feeding. In treatments containing PVC with Triclosan, over 55% of worms died (F 1,10 = 22.73, ***p < 0.001, Figure 3D ), but exposure to PVC with nonylphenol or phenanthrene had no effect (Figures  2A-2C ). Exposure to PBDE sorbed onto PVC reduced feeding, although not significantly ( Figure 3C ). Likewise, ingestion of Triclosan from PVC reduced feeding in A. marina by >65% (F 1,11 = 19.94, **p < 0.01), and although not significant, worms ingesting PBDE from PVC fed 30% less ( Figures 3G and 3H ). Exposure to sand and/or microplastic with nonylphenol and phenanthrene did not reduce feeding (Figures 3G and 3H ).
Previous experimental work had showed lugworms use phagocytosis to clear pathogenic bacteria from their coelomic Sand with presorbed pollutants transported more phenanthrene and nonylphenol into tissues than did microplastic due to the smaller retentive properties of clean sand. Interestingly, more of each pollutant accumulated in the gut than in the body wall, irrespective of whether the worms acquired pollutants from desorption from PVC or sand. Data are means 6 SE (n = 5).
Figure 2. Concentration of Pollutants and Additives within the Experimental Treatments and Tissues of Lugworms (A and B) Concentration of the pollutants nonylphenol (A) and phenanthrene (B) within the tissues of lugworms from treatments with pollutants separately presorbed onto PVC and mixed into biochemically clean sand. (C and D) Concentration of the additives PBDE-47 (C) and Triclosan (D)
within the tissues of lugworms from treatments with additives separately presorbed onto PVC and mixed into biochemically clean sand. The bioconcentration of pollutants and additives within the tissues of lugworms from treatments with pollutants presorbed onto PVC and mixed into clean sand is shown. The body walls of worms accumulated up to 950% greater concentrations and the gut up to 3,500% greater concentrations of each chemical. Data are means 6 SE (pollutants, n = 5; PBDE-47, n = 6; Triclosan, n = 2-6). (A) and (B) differ from Figures 1A and 1B as the white bar provides the total concentrations of the pollutants that the worms were exposed to in the experimental sediments, while the white and the gray bar in Figures 1A and 1B provides concentrations on the particles of sand or PVC alone.
fluid [34] , so we used an established immunoassay [6] to measure the ability of coelomycytes to engulf particles of zymosan. Ingestion of either sand or microplastic with nonylphenol reduced the phagocytic activity of coelomocytes by >60% (F 1,19 = 6.70, *p < 0.05; Figure 3I ); a similar, but nonsignificant, pattern was observed for Triclosan, while phenanthrene and PBDE-47 had no effect ( Figures 3J and 3L) .
Because mammalian cells exposed to nanometer-sized plastic produce reactive oxygen species [35, 36] and lugworms use antioxidants in their tissues to buffer the oxidative damage caused by hydrogen peroxide that accumulates in tissues during summer low tides [37, 38] , we measured the oxidative status of lugworms. Here we show that the coelomic fluid of lugworms that ingested sediment with PVC had >30% smaller capacity to deal with oxidative stress (Figure 3N ), while exposure to pollutants and additives through desorption from PVC had no effect.
Discussion
Here we show that pollutants and additives transfer via desorption from both sand and microplastics to the tissues of an important bioengineer. This is the first suitably controlled , and PBDE-47 (G) and Triclosan (H) reduced feeding. Ingestion of either sand or microplastic with sorbed nonylphenol reduced the phagocytic activity of coelomocytes (I), and similar, but nonsignificant, patterns were shown for Triclosan (L). The coelomic fluid of worms that ingested sediment with PVC had a smaller capacity to deal with oxidative stress (M and N), while exposure to pollutants and additives through desorption from PVC had no effect (O and P). Data are means 6 SE. Statistical significance at *p < 0.05, **p < 0.01, and ***p < 0.001, with n = 5 (experiments with pollutants) and n = 6 (experiments with additives). Large numbers of worms died in treatments with Triclosan, so there were fewer animals to measure their phagocytic activity and oxidative status of their coelomic fluid (n = 2).
experimental evidence showing that eating of plastics can move pollutants and additives into the tissues of animals.
The principal route by which chemicals transferred was ingestion via the gut, rather than sorption through the body wall. In our experiments (each lasting 10 days), pollutants and additives readily desorbed from microplastic and accumulated in the gut of worms at concentrations 326%-3,770% larger than from experimental sediments. This occurred despite the considerable capacity of plastics to sorb chemicals and the fact that only 1% of the experimental sediments were ingested during our experiments. When the bioavailability of pollutants from sand and PVC was compared, larger concentrations transferred from the sand to lugworms. Thus, the extent and rate of desorption from sand was much greater than from plastic, which retained more of each pollutant than clean sand. It is, however, premature to conclude that, compared to plastic, sediment in habitats will transfer more pollutants into animals upon ingestion. Longer-term experiments are needed to compare retention in sediments containing more clay and organic carbon with that of smaller-sized polymers. For instance, polyethylene, polypropylene, and polystyrene debris in habitats have larger concentrations of organic pollutants than PVC [24] , while smaller (e.g., <10 mm) microplastic translocate and accumulate in cells and tissues of animals [6] . Thus, certain plastics, at smaller sizes, could transfer chemicals into the tissues directly, without the need for gastric desorption. Determining the relative importance of desorption of chemicals from ingested and translocated [6] debris as vectors for pollutants into animals requires carefully designed experiments underpinned by better-quality information from programs of monitoring. This includes adequate replication and quantification at smaller scales, improved methods of detection (debris <330 mm, dull in color and/or granular [2] ), and clearly articulated hypotheses. Over time, this will provide the necessary information to design morecomplex manipulative experiments (field and laboratory) that expose more taxa to the sizes, types, mixtures, and concentrations of microplastic, natural particulates, pollutants, and additives found in habitats. It will also shed light on important factors that influence the distribution and abundance of microplastic, allowing us to estimate the frequency at which sedimentary habitats contain hazardous quantities of microplastic, which in our study was shown to be when microplastic exceeded 5% of the sediments. So longer-term field and laboratory experiments are needed to establish the extent to which smaller concentrations of microplastic might present a problem.
For now, our short-term experiments with large proportions of PVC (5%) show that worms eating microplastic accumulated large enough concentrations of pollutants or additives to reduce survival (Triclosan), feeding (Triclosan and PBDE), immunity (nonylphenol), and antioxidant capacity (PVC). Reductions in the phagocytic activity of coelomocytes were caused by nonylphenol, and such pollutant-induced reductions in immunity can reduce resistance to diseases in terrestrial worms [39] . Because mammalian cells exposed to nanometer-sized plastic also produce reactive oxygen species and less protein [35, 40] , we suggest that the smaller capacity of worms to deal with oxidative stress could be indicative of proteolysis or reductions in synthesis of their antioxidants. For Triclosan, concentrations were orders of magnitude smaller than those causing mortality in crustaceans [36] . Previously, it was thought that sorbed pollutants are more likely to transfer from plastic to tissues of organisms than additives [18] ; however, our findings are consistent with the concerns that some additives may be more problematic [40] . Our results also agree with correlative evidence from studies in which lugworms exposed to micrometer-sized polystyrene and polychlorinated biphenyls fed less and lost weight [19] . Given that experimental exclusion of lugworms changes the structure and functioning of soft-sediment habitats [33, 34] and that by 2050 an extra 33 billion tons of plastic is anticipated to be added to our planet [1] , our work raises concerns for habitats where plastics in sediments exceed 5% by mass. Our experimental work advances this field by showing that ingestion of microplastic by organisms can transfer pollutants and additives to their tissues at concentrations sufficient to disrupt ecophysiological functions linked to health and biodiversity.
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